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GliaZebraﬁsh possess a robust, innate CNS regenerative ability. Combined with their genetic tractability and
vertebrate CNS architecture, this ability makes zebraﬁsh an attractive model to gain requisite knowledge for
clinical CNS regeneration. In treatment of neurological disorders, one can envisage replacing lost neurons
through stem cell therapy or through activation of latent stem cells in the CNS. Here we review the evidence
that radial glia are a major source of CNS stem cells in zebraﬁsh and thus activation of radial glia is an
attractive therapeutic target. We discuss the regenerative potential and the molecular mechanisms thereof, in
the zebraﬁsh spinal cord, retina, optic nerve and higher brain centres. We evaluate various cell ablation
paradigms developed to induce regeneration, with particular emphasis on the need for (high throughput)
indicators that neuronal regeneration has restored sensory or motor function. We also examine the potential
confound that regeneration imposes as the community develops zebraﬁsh models of neurodegeneration. We
conclude that zebraﬁsh combine several characters that make them a potent resource for testing hypotheses
and discovering therapeutic targets in functional CNS regeneration. This article is part of a Special Issue
entitled Zebraﬁsh Models of Neurological Diseases.raﬁsh Models of Neurological
Folding Disease, University of
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It had long been assumed that the mammalian central nervous
system (CNS) is incapable of regenerating neurons. However, today it
is widely accepted that sources of adult neurogenesis do exist, and
that these areas have the potential to underpin regeneration. Adult
neurogenesis is localized to the dentate gyrus of the hippocampus as
well as the lateral ventricles of the mammalian forebrain [1–3]. It has
been shown that injury to the CNS (caused by ischemia, seizures,
radiation or neurodegenerative disorders) triggers proliferation of
progenitor cells in the subgranular zone and the subventricular zone
in mammalian animal models and humans. However, in most cases
these newborn cells do not show long-term survival, fail to migrate or
integrate properly into the neuronal network (for a review see [4]).
This lack of regenerative ability seems to have arisen in the course
of evolution; most invertebrates (commonly used models are Hydra
and planarians) as well as a number of anamniotic vertebrates, such as
amphibians and ﬁsh, are capable of regeneratingwhole body parts and
organs (for a review see [5]). Although invertebrates probably showthe highest degree of regenerative power, lack of genetic tractability as
well as the absence of higher level brain centres are major drawbacks
for their use as animal models in CNS regeneration research. Among
vertebrates, a similarly high regenerative potential is found in
amphibians, such as the newt or Xenopus, and in ﬁsh. Newts are
extremely difﬁcult tomaintain and breed under laboratory conditions,
and genetic tools have only been developed recently. Xenopus and
zebraﬁsh are both popular animal models for CNS regeneration
research, but this review will focus on the teleost model zebraﬁsh.
Zebraﬁsh are very potent in regenerating a variety of tissues.
Traditionally, the zebraﬁsh has been used as a model for studying the
regeneration of the ﬁns [6]. Since the retina is the most easily
accessible part of the CNS, and morphology and function of the retina
are basically conserved among vertebrate species, zebraﬁsh have also
been extensively used for studying the regeneration of the retina and
optic nerve (reviewed below). Moreover, zebraﬁsh have also
increasingly been used to study regeneration of other nervous tissues,
such as brain nuclei and the spinal cord. In contrast to newts, zebraﬁsh
are very easy and cost-effective to breed and produce high numbers of
offspring [7]. Moreover, the abundance of genetic tools, including
transgenic lines, knock-down (morpholino antisense technology [8]),
mutants and novel knock-out (zinc ﬁnger nuclease [9,10]) techniques
and microarrays, facilitate research aimed at identifying molecular
pathways underlying regenerative processes. Access to zebraﬁsh
embryos is easy, as larvae develop outside the mother, and
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Zebraﬁsh also offer very powerful behavioral and electrophysiological
tools to assess functional integration of regenerated neurons/axons
[11,12].
Studying the exact mechanisms of how anamniotes such as
zebraﬁsh utilize stem cells to replace neurons of the CNS is valuable
for helping us to understand why humans/mammals mostly lack this
regenerative ability and more importantly, will provide us with ideas
of how human CNS tissue could be stimulated to regenerate after
injury. This type of knowledge will be crucial for advancing stem cell
therapeutics. As direct transplantation of stem cells has been proven
inefﬁcient for restoring missing/damaged tissues, future approaches
might involve switching existing dormant progenitor cells or even
terminally differentiated cells back to a “stem cell mode”.
In order to address this scientiﬁc puzzle, a number of fundamental
questions immediately come tomind:What is the identity of the stem
cells giving rise to newborn neurons — are these cells the same ones
across species and across different tissues? Is the limitation on CNS
regeneration intrinsic to the neuron or do extrinsic signals control
regeneration (role of glia cell in inhibition versus promotion of
regeneration)? What are the molecular pathways underlying dedif-
ferentiation of glial stem cells and speciﬁcation of new neurons? Are
regenerated neurons functionally integrated into the CNS and how is
that achieved?
We are beginning to address these questions in zebraﬁsh models
of CNS regeneration, and the present review aims to provide a
summary of the (partial) answers that have arisen from these studies.
2. Regeneration of various CNS tissues
Studies of neural regeneration in zebraﬁsh have been carried out in
various CNS tissues. We review each in turn, dividing the topics into
retina, optic nerve, spinal cord, and brain nuclei.
2.1. Retina
Ocular disorders involving degeneration of cells in the neural
retina are exceedingly common. Death of rod and/or cone photo-
receptors is found in retinal dystrophies, such as AMD (age-related
macular degeneration), Retinitis Pigmentosa, Usher Syndrome or
Leber Congenital Amaurosis. Death of retinal ganglion cells is the
largest contributor to vision loss in glaucoma, a condition affecting the
optic nerve. Cells lost from the retina cannot be replaced, as the
mammalian retina does not have intrinsic repair processes, rendering
the patient severely visually impaired or even completely blind.
In contrast to mammals, anamniotic vertebrates like zebraﬁsh
have amazing regenerative capabilities, including the capacity to
regenerate any cell type in the retina. Cells are continuously added to
the zebraﬁsh retina as it expands throughout the life of the ﬁsh. This
unique feature of teleost ﬁsh requires that sources of neurogenesis are
maintained even in the adult. In the intact retina, progenitor cells have
been classiﬁed as being localized to two distinct cellular compart-
ments [13,14]. The CMZ (ciliary marginal zone) gives rise to all retinal
cell types, whereas rod photoreceptors arise from a separate lineage of
CMZ-derived Müller glia [13,15,16]. Neuronal progenitors of the CMZ
express a number of markers such as n-cadherin, components of the
Notch–Delta signalling pathway, rx1, vsx2/chx10 and pax6a [16].
Proliferating Müller glia cells in the INL (inner nuclear layer) produce
rod progenitors which subsequently migrate to the ONL (outer
nuclear layer), where they differentiate into mature rod photorecep-
tors [15,17,18]. Cells within both of these compartments show
characteristic features of stem cells, including asymmetric division
and self-renewal. An additional population of stem cells is activated
upon retinal injury and subsequently produces progenitors for
regenerating lost retinal cells (for a review see [16,19]). It has been
shown that in ﬁsh, damage to the retina induces the formation ofcolumns of proliferating cells, termed “neurogenic clusters”, which
express a similar set of stem cell markers as progenitor cells residing
in the CMZ such as pax6, vsx1, notch-3 and n-cadherin [20–23]. Vihtelic
et al. showed that PCNA (proliferating cell nuclear antigen, a marker
for proliferation) positive cells can be detected as early as one day
after light-induced photoreceptor cell death in the INL (inner nuclear
layer) in albino zebraﬁsh. These progenitor cells migrate to the ONL
(outer nuclear layer) within 96 h, where they differentiate into rod
and cone photoreceptors [24,25]. The identity of the cells comprising
these clusters was resolved only recently when several researchers
found evidence that Müller glia are the major source of stem cells in
the adult zebraﬁsh retina.
2.1.1. Retinal astrocytes (Müller glia cells) function as stem cells in the
regenerating adult zebraﬁsh retina
Studies in recent years have dramatically changed our view of
astrocytes as “mere support cells” or “neuronal glue”. Astrocytes are
now viewed as highly important cells with a number of complex
functions. Astrocytes are found in all tissues of the CNS (e.g. cerebellar
Bergmann glia, retinal Müller glia) and have a number of established
roles in metabolic support for neurons, K+ and neurotransmitter
uptake, synaptogenesis, angiogenesis and maintenance of the brain–
blood barrier (for a detailed recent review see [26]). Groundbreaking
studies of neuronal precursors in the CNS have elucidated the
existence of yet another type of glia cell [27,28]. These cells, exhibiting
neuronal stem cell features, are located in adult neurogenic regions
(the adult SVZ, subventricular zone and SGZ, subgranular zone). They
have been shown to give rise to newborn olfactory neurons [29–31]
and granule neurons [32–34].
The brain is not the only CNS tissue containing a large number of
astrocytes. Müller glia of the retina perform similar functions as other
glial cells in the brain, including structural and metabolic support of
neurons, ion buffering, and neurotransmitter homeostasis.
Studies in the chick retina [35,36] as well as experiments using
transgenic zebraﬁsh lines in combination with lineage tracing have
revealed that, in addition to these basic support functions, Müller glia
cells act as retinal stem cells after injury. Following photoreceptor cell
death, they undergo morphological as well as gene expression changes.
Thummel et al. have shown that Müller glia cells dedifferentiate upon
injury as they lose expression of cell-type-speciﬁcmarkers such asGFAP
(glialﬁbrillary acidic protein) andGS (glutamine synthetase) [37]. Signs
of dedifferentiation include re-expression of BLBP (brain lipid binding
protein), up-regulation of components of the Notch–Delta signalling
pathway and redistribution of N-cadherin to the basolateral plasma
membrane [16].
In succession, several groups used lineage tracing via transgenic
expression of GFP in Müller cells in combination with immunocytolo-
gical stainings and BrdU labelling to provide evidence that Müller cells
not only respond to injury, but also contribute to the stem cells of the
retina and give rise to neuronal progenitors (Fig. 1). Fausett and
Goldmanused theα1T transgenic line, driving transgeneexpression in a
subpopulation of proliferative Müller glia cells after retinal injury [38].
BrdU labelling experiments revealed a dramatic increase of BrdU+ cells
in the INL at 2 dpi (days post-injury), preceding a rise in BrdU+ cells in
the ONL at 3 dpi. Most of these proliferating cells were GFP+, had a
Müller cell-like morphology and expressed the Müller cell markers
GFAP andGS. BrdU labelling at a later timepoint, 2 dpi, revealed staining
in the ONL and ganglion cell layer (GCL), suggesting migration of INL
precursors. The progenitors that had presumably arisen from reactive
Müller glia cells started to express neuron-speciﬁc markers after 7 dpi,
and were localized to the INL, IPL and GCL. BrdU addition at 4 dpi and
evaluationof cells at 60 and180 dpi revealed cells expressingmarkers of
bipolar and amacrine cells, Müller glia and cone photoreceptors [39].
Bernardos et al. used a gfap:GFP transgenic zebraﬁsh line
harbouring the Müller cell-speciﬁc gfap promoter driving GFP
expression speciﬁcally in Müller glia cells [40]. Following light
Fig. 1. Radial glia throughout the CNS are a source of stem cells. Here we depict retinal Müller glia cells as an example of radial glial cells of the CNS. The retina of a 4 dpf zebraﬁsh
larva with its three nuclear layers (GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer) is shown as a reference for the location of retinal progenitors (A).
Differentiated radial glia cells spanning the larval (and adult) zebraﬁsh retina (B) become activated upon injury, dedifferentiate and start to proliferate (C). Neuronal progenitors of
all retinal cell lineages arise from these activated cells (D), and migrate to speciﬁc retinal layers where they differentiate into neurons (E).
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indicating a proliferative response. Coinciding with a peak in GFP+
cells, the expression of the progenitor cell markers pax6, pcna and crx
(a marker for photoreceptors progenitors) peaked between 1 and
5 dpi. The spatio-temporal distribution of pax6+ and crx+ cells was
consistent with a transition from pax6 to crx expression in progenitors
as they migrated from the INL to the ONL. After 1 month, cones and
rods regenerated completely and Müller cell density fell back to
unlesioned levels.
Morris et al. speciﬁcally induced death of cone photoreceptors by
using the pde6cw59mutant zebraﬁsh line, harbouring amutation in the
cone-speciﬁc phosphodiesterase gene. BrdU exposure 4 h before
sacriﬁce and subsequent CAZ (carbonic anhydrase, a marker for
Müller glia cells) staining revealed a signiﬁcant increase of BrdU+cells
in the INL, partly co-localizing with CAZ. These results suggest that at
least a subset of Müller glia cells had re-entered the cell cycle [41].
Studies using morpholino-mediated knock-down of PCNA [42]
provided evidence that progenitor cell formation in zebraﬁsh retina
after injury is dependent on proliferation of Müller glia cells. PCNA
knock-down prior to light damage inhibited proliferation of Müller
glia cells and resulted in decreased levels of GS expression as well as
Müller cell death. Importantly, rod photoreceptors and short and long
single cones could not be regenerated in morpholino-injected
zebraﬁsh larvae [42]. Assuming the effects of PCNA knock-down are
primarily within the Müller glia, these data strongly supports the
hypothesis that these cells are the source of retina stem cells.
Several researchers showed that damage to photoreceptors
triggers a regenerative response through activation of Müller gliacells. Initially, researchers had speculated that apoptotic photorecep-
tors would provide a molecular signal to Müller glia cells, thereby
activating dedifferentiation and proliferation. However, Fimbel et al.
showed that damage to the GCL and INL, without substantial damage
to photoreceptors, likewise causes Müller cells to re-enter the cell
cycle and generate retinal progenitors [43]. Low doses of intravitreal
ouabain injections caused GCL and INL death. At 1 day post-injury
(dpi), PCNA expression was seen in Müller glia cells, and by 5 dpi, its
expression shifted to neuronal progenitors expressing the olig2:egfp
transgene. After 60 dpi, 75% of ganglion and amacrine cells had
regenerated [43].
Various studies support Müller glia cells as one source, perhaps
even a major source, of progenitor cells in the zebraﬁsh retina. Müller
glia cells are activated following retinal damage and subsequently
dedifferentiate, proliferate and give rise to different retinal cell types
(Fig. 1). As Müller glia cells are also found in the mammalian/human
retina, understanding which molecular cues are required to turn a
quiescent Müller glia cell into a retinal stem cell will be crucial for the
development of potential novel therapeutics which could be applied
to trigger regeneration in the human retina. Although under normal
physiological conditions, mammalian Müller glia cells do not re-enter
the cell cycle in response to injury [44–46], it has been speculated that
the human retina may have some regenerative potential. Several
studies have reported the presence of BrdU+ photoreceptors after
retina damage or after the addition of growth factors [47–51].
Moreover, the human retina may contain a compartment similar to
the zebraﬁsh CMZ. In retinal explants, cells of the human retinal
margin as well as the INL re-enter the cell cycle when EGF (epidermal
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retina may harbour quiescent stem cells, which can be triggered to re-
enter the cell cycle by the addition of growth factors.
Unfortunately very little is known about the molecular pathways
leading to the cell-biological changes inducing the activation of Müller
glia cells. In recent years, a number of microarray studies focussing on
temporal expression changes during retina regeneration in zebraﬁsh
have been conducted and have identiﬁed several candidate genes and
pathways presumably implicated in the regeneration process. Data
collected in these studies will be presented in the next section of this
review, and an overview of the molecular components that have been
identiﬁed can be found in Table 1.
2.1.2. Molecular pathways involved in retinal regeneration
In order to identify candidate genes involved in the regenerative
response in the zebraﬁsh retina, a number of microarray-based
studies have been performed. While one study used surgical removal
of a small piece of the retina [53], mostly light damage paradigms have
been applied to cause retinal injury [54–57]. Microarray analysis
conducted on mRNA isolated from whole retina showed signiﬁcant
changes in expression of genes implicated in the cell cycle, cell
proliferation, cell death, DNA replication, general metabolism and
axonal regeneration as expected [37,53,54,56]. Genes encoding the
opsin proteins were decreased in expression, reﬂecting death of
photoreceptors, whereas cell cycle genes increased their expression,
corresponding to progenitor proliferation [54]. As regeneration-
speciﬁc responses are expected to occur in speciﬁc cell types (Müller
glia cells and emanating progenitor cells) expression analysis of RNA
extracted exclusively from those cells was expected to reveal novel
regeneration-speciﬁc candidate genes. Craig et al. examined the
expression changes in regenerating photoreceptor cells, by combining
light damage through continuous light of low intensity with laser-
capturing of ONL tissue containing photoreceptors and their progeni-
tors [55]. Samples collected at early time points after light damage
showed decreased expression of photoreceptor-speciﬁc genes (such
as the opsins) and up-regulation of stress response genes, indicative
of dying photoreceptors. In a second step, transcript changes at 24–
48 h post-injury were examined, as they were thought to represent
changes in progenitor cells migrating to the ONL. Differentially
expressed genes found in this group included the transcription
factors sox11b, fos, jun and pax6a as well as genes encoding secretedTable 1
List of molecular cues involved in retina regeneration in the zebraﬁsh.
Gene Classiﬁcation Action
hspd1 (heat shock
60 kDa protein 1)
Mitochondrial protein chaperone involved
in stress response
Formation
dedifferent
mps1 (monopolar spindle 1) Kinase involved in mitotic checkpoint
regulation
Proliferatio
mdka (midkine-a) (secreted) heparin binding growth factor Not clear y
mdkb (midkine-b) (secreted) heparin binding growth factor Not clear y
ascl1a (ash1a) (achaete–scute
homolog 1a)
Proneural gene Transition o
notch3 Component of Notch–Delta signalling Progenitor
deltaA Component of Notch–Delta signalling
(notch ligand)
Differentiat
pax6b Transcription factor (neurogenesis,
regeneration)
Hypothesiz
of neurona
stat3 (signal transducer and
activator of transcription)
Transcription factor Hypothesiz
retina (has
ngn1 (neurogenin 1) Transcription factor Hypothesiz
olig2 (oligodendrocyte
transcription factor 2)
bHLH transcription factor Hypothesiz
dedifferent
lgals9l1-, 2 (galectin family) Secreted growth factor Up-regulate
exact funct
progranulin-a Secreted growth factor Up-regulate
unknowngrowth factors such as l-plastin, CC chemokine, galectin family
members, progranulin family members and midkines. In situ
hybridization and immunohistological experiments of selected
candidate genes showed that lgals9l1 (a member of the galectin
family) and progranulin-a were exclusively expressed in microglia,
and lgals1l2 in microglia as well as Müller glia cell, conﬁrming the
speciﬁcity of the approach.
Whereas Craig et al. had isolated Muller glia cell-derived
progenitor cells from the ONL, Qin et al. used the transgenic zebraﬁsh
reporter line Tg(gfap:GFP)mi2002 to directly isolate Müller glia cells
[57]. Gene expression proﬁles from intact and light-lesioned retinas at
8, 16, 24 and 36 h post-treatment were compared. A set of 953 genes
being differentially expressed was identiﬁed and subdivided into 3
clusters, depending on their temporal expression patterns. One set of
transcripts was up-regulated immediately after the lesion, and
included mainly genes implicated in translation and protein biosyn-
thesis. A number of DNA replication and cell cycle genes were up-
regulated slightly delayed, reﬂecting re-entry of Müller cells into the
cell cycle. Among the transcripts down-regulated after lesion were
genes involved in chromatin assembly and ion homeostasis, consis-
tent with dedifferentiation of Müller glia cells. As expected, an up-
regulation of cell cycle genes and growth factors such as pcna
and pdgfa (platelet-derived growth factor) was observed as well.
Interestingly, despite taking such a speciﬁc approach, Qin et al.
identiﬁed two candidate genes, hspd2 (heat shock 60-kDa protein 1)
and msp1 (monopolar spindle 1), which are not only essential for the
regeneration of the retina, but likewise important for ﬁn and heart
tissue renewal in zebraﬁsh [57].
Similar to hspd2 and msp1, the heparine-binding growth factors
midkines a and b seem to play a signiﬁcant role in regeneration of a
variety of tissues in the zebraﬁsh (retina, heart and ﬁn) [54,58,59].
Photoreceptor apoptosis after light damage causesmidkine expression
pattern changes in the zebraﬁsh retina [54]. In addition to their
developmental expression (midkine-a in progenitors, Müller cells and
horizontal cells andmidkine-b in retinal ganglion and amacrine cells),
bothmidkines are expressed in proliferating Müller glia cells and their
progeny, and midkine-b is additionally found in HCs [54].
Other candidate genes identiﬁed in microarray experiments and
hypothesized to be involved in the switch from differentiated Müller
glia cell to proliferating retinal stem cell are stat3 (signal transducer
and activator of transcription 3), ascl1a (ash1a) (achaete/scuteLesioning
paradigm
Reference
of retinal stem cells from
iating Müller cells
Light damage [57]
n of photoreceptor progenitors Light damage [57]
et Light damage [54]
et Light damage [54]
f Müller cell into proliferative stem cell Surgical excision [61]
proliferation Surgical excision [61]
ion Surgical excision [61]
ed role in proliferation and migration
l progenitor cells
Light damage [37]
ed to trigger Müller cell proliferation in the damaged
been shown to do so in the undamaged retina)
Light damage [56,60]
ed role in “re-differentiation” of Müller cells Light damage [37]
ed role in maintaining Müller cells in a
iated state
Light damage [37]
d 24–48 h post-injury in microglia and Müller cells;
ion unknown
Light damage [55]
d 24–48 h post-injury in microglia; exact function Light damage [55]
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is increased in photoreceptors and Müller glia cells following light
damage [56]. Interestingly, only a subset of Stat3+ Müller glia cells
co-label with PCNA, which led Kassen et al. to hypothesize that Stat3
might act as a molecular cue, triggeringMCs to proliferate after injury.
In a recent publication, Kassen et al. identiﬁed a potential upstream
regulator of Stat3, CNTF (ciliary neurotrophic factor). CNTF activates
Stat3 to induce Müller cell proliferation in the undamaged retina [60];
whether or not it plays a similar role in the injured retina remains to
be investigated.
Yurco and Cameron found up-regulation of members of the notch–
delta family, as well as ascl1a (ash1a) in their microarray analysis of
differentially regulated genes after excision of a patch of adult
zebraﬁsh retina. Importantly, ascl1a (ash1a) was up-regulated before
components of Notch–Delta signalling showed increased expression.
They proposed a model in which Müller glia cells start to express
ascl1a (ash1a) after injury and subsequently become divided into
two sub-populations, a notch3-expressing population consisting of
proliferating progenitors and a deltaA expressing population exiting
the cell cycle and differentiating into neurons [61]. Morpholino
knock-down of ascl1a (ash1a) inhibits Müller glia cell activation and
consequently regeneration [62].
Although ngn1 (neurogenin-1) is expressed in proliferating
progenitors and the transgene olig2:EGFP in dedifferentiated Müller
glia cells [37], nothing is yet known about their role in retina
regeneration.
2.1.3. Open questions
The unique capability to regenerate all retinal cell types, combined
with tractable genetics, makes zebraﬁsh an ideal model for decipher-
ing the molecular pathways underlying regeneration. Understanding
zebraﬁsh biology is valuable for developing future therapeutic
interventions in human retinal disease. As evidence accumulates
that the molecular components and stem cells implicated in retinal
regeneration might be similar to those involved in regeneration of
other tissues, retinal regeneration research will help us build our
understanding of the general mechanisms of regenerative processes.
Despite our progress a number of open questions remain.
Differentiated Müller cells re-enter the cell cycle after injury to
produce retinal progenitors; however, little is known about the
extrinsic signals regulating lineage speciﬁcation. In the undamaged
retina, Müller glia cell-derived progenitors in the INL primarily give
rise to rod photoreceptor progenitors; injury seems to induce a “fate
switch” for Müller glia cells, turning them into progenitor cells for
other retinal cell types. How this is achieved remains largely
unknown.
Another unresolved question is if all or only a subset of Müller glia
cells are multipotent and can give rise to retinal progenitors. pax6, a
gene associated with neurogenesis capacity and multipotency, is
expressed at low levels in all differentiated Müller cells in the
zebraﬁsh retina; this may indicate that all Müller cells are able to
dedifferentiate. Additionally, Fimbel et al. showed that the majority of
MCs (90%) express PCNA at 3 dpi in the damaged retina [43].
Alternatively, there is compelling evidence indicating that it is only
a subset of MCs switching to the progenitor fate. Kassen et al. showed
that Stat3 is expressed only in a subset of Müller glia cells during
regeneration [56]. Similarly, only a subset of BrdU+ cells in the INL co-
localized with the Müller cell-speciﬁc marker CAZ upon light damage
in the study conducted by Morris et al. [41]. Thummel et al. observed
two distinct groups of MCs in the gfap:EGFP transgenic zebraﬁsh line
after damaging the zebraﬁsh retina with intense light. While one
group of EGFP+ MCs maintained normal Müller cell morphology and
did not co-label with PCNA, another set of cells showed a reduced
amount of EGFP expression and did co-label with PCNA. The second
group likely represents MCs re-entering the cell cycle and dediffer-
entiating [42].Although there is evidence that damage to photoreceptors and
other cell types of the retina, trigger the regeneration response, the
identity as well as the source of the actual “trigger signal” is not
known. Fausett and Goldman speculated that the molecular signal
arises from cells near the actual lesion site, as 90% of Müller glia cells
next to the lesion site are GFP+, whereas at sites far from lesion,
almost none are GFP+ [39]. Evidence in mouse models suggests that
photoreceptors signal damage to Müller glia through endothelin
receptors [63].
Finally, it is worth mentioning that Müller glia cells are not the
only glial cell population in the zebraﬁsh retina. Microglia are
phagocytic cells that secrete pro- or contra-inﬂammatory signals to
either inhibit or promote neuronal repair and regeneration [64].
Microglia hypertrophy at 24 h after light damage to photoreceptors
has been shown. Subsequently, they become polymorphic and
migrate into the ONL [16,55]. Craig et al. found members of the
galectin and progranulin families up-regulated after light damage
[55]. Progranulin-a, lgals1l1 as well as lgals1l2 are expressed in
microglia thus suggesting that microglia likely carry out an important
role in retina regeneration and warrant further study.
2.2. Optic nerve
Injuries of the optic nerve have a highly detrimental effect on a
patient's life, severely impacting vision and ultimately leading to
complete blindness in a signiﬁcant percentage of cases. Damage to the
optic nerve can occur by either trauma (e.g. head trauma) or can be
caused by diseases leading to death of retinal ganglion cells and
subsequent axon degeneration, such as general neurodegenerative
disorders (e.g. multiple sclerosis) or ocular disorders. The most
prominent of the latter is glaucoma in which increased intraocular
pressure is thought to lead to optic nerve damage. Glaucoma is the
cause of 15–20% of vision loss worldwide and thus treatment and cure
are major goals of public health research.
Successful therapeutic interventions aim to halt nerve degenera-
tion and ideally, trigger regeneration of retinal ganglion cells andmost
importantly, axon regeneration. However, mammals (including
humans) are unable to regenerate an injured optic nerve under
normal physiological circumstances. After injury, RGCs show only
transient sprouting and no long-distance regeneration. Compiling the
ﬁndings of a great number of studies in rodent models, we can
conclude that failure of RGC axons to regenerate can be attributed to
two major reasons:
1) Existence of a non-permissive/inhibitory environment and
2) Lack of growth-promoting molecules (in the environment or
intrinsic to RGCs).
Experimental therapeutic strategies typically target one of these two
causes, either by trying to counteract inhibitors of axon re-growth or by
activating the neuron-intrinsic capacity to regenerate (for a review see
[65]). Studies in several species have shown thatmacrophage activation
(e.g. by injuring the lens or using pro-inﬂammatory agents) can
promote (partial) axon regeneration [66–69]. More recently, research-
ers are trying to apply combinatorial treatments. Using a gene therapy
approach, Fischer et al. showed that activation of the RGC's intrinsic
growth state while simultaneously overcoming inhibitory signals,
signiﬁcantly enhances axonal regeneration [70,71]. However, full
regeneration has not been achieved in any rodent animal models and
it is not clear if regenerated axons are able to correctly pathﬁnd and
innervate targets in a precise fashion. The development of novel
therapeutic strategies certainly requires a thorough understanding of
the molecular basis of optic nerve degeneration and regeneration (or
the lack thereof).
Clearly, alternative vertebrate animal models with an intrinsic
capacity for regeneration will help us decipher how cell-intrinsic and
micro-environmental inhibitory and permissive signals/factors drive
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reactions to optic nerve injury observed in mammalian models
seem to be inversed relative to ﬁsh in many aspects. In zebraﬁsh
we generally ﬁnd an abundance of growth-promoting molecules.
Inhibitory molecules, if expressed, usually exhibit a different pattern
and/or timing of expression. This might partly be due to the fact that
the eye continues to grow throughout the lifespan and thus the visual
system is primed to continuously deal with newborn RGCs extending
their axons to the optic tectum. It seems logical that signalling cues
expressed during development will still be abundant in adulthood so
they can be read by newborn RGCs. It has been clearly shown that
after ON crush or lesioning, RGCs start to re-express molecules that
they also express during embryonic development. These include
cytoskeletal proteins, membrane-bound recognition molecules of the
immunoglobulin family (e.g. NCAM, L1 homologs) and GAP-43
(growth-associated protein 43) (for a review see [72–74]). GAP-43
is localized to growth cones and presynaptic terminals of developing
as well as regenerating axons [75]. Kaneda et al. examined the
expression patterns of GAP-43 and its phosphorylated isoform (which
is known to be active at growth cones) in the regenerating zebraﬁsh
optic nerve and observed a biphasic increase of phospho-GAP-43.
Interestingly, the two distinct phases (the ﬁrst one a steep increase in
expression after 7–14 days, the second one a long plateau increase
after 30–50 days) coincided with the recovery of two visually-
mediated behaviors (OMR and chasing behavior) [76].
In the following section we will discuss recent studies aimed at
achieving an understanding of the molecular basics of optic nerve
regeneration in the zebraﬁsh (see Table 2 for a list of genes).
2.2.1. Molecular signals/pathways implicated in optic nerve regeneration
2.2.1.1. Growth-promoting signals. Regenerating RGCs need two types
of “positive cues” enabling them to extend their axons to their
respective target regions: 1) molecular signals within the cell,
switching (or maintaining) the cell to (in) a growth state, and 2)
permissive and growth-promoting signals in the environment of the
optic tract and tectum, allowing axon extension, pathﬁnding and
correct target innervations.
2.2.1.1.1. Intrinsic growth-promoting factors. Whereas zebraﬁsh
continue to express a variety of genes needed for RGC development
throughout their lifetime, mice often down-regulate their expression
prenatally.
In mice, several lines of evidence show that CNTF (ciliary
neurotrophic factor) acts as an RGC-intrinsic axon growth factor and
changes in CNTF expression levels during ON injury underlie RGC
apoptosis. In untreated mice, CNTF receptor is lost from RGC axons
after optic nerve crush and glial cells (astrocytes and oligodendro-
cygtes) start to express CNTF shortly after lesioning. It is thought that
the loss of CNTF receptor on RGCs renders them insusceptible, leading
to cell death, while the appearance of CNTF in glial cells promotes
scarring [77]. These processes can be stopped by inducing intraocular
inﬂammation, which induces retinal astrocytes to release CNTF,Table 2
Molecular cues implicated in successful optic nerve regeneration in the zebraﬁsh.
Gene Classiﬁcation Action
reggie-1a, 2a, 2b Microdomain scaffolding protein (assembly
of multiprotein complexes)
Regula
CNTF (ciliary neurotrophic factor) Growth factor Drives
KLF 6a, 7a (krüppel-like factor) Transcription factors Thoug
axogenesis factor 1, 2 Growth factors Activa
purpurin Retinol-binding protein Induce
netrin-1 Axon guidance molecule Pathﬁ
Chondroitin sulfates Sulfated glycosaminoglycan Pathﬁ
tenascin-R Repellent axon guidance molecule Pathﬁ
ephrin-A Repellent axon guidance molecule Establswitching RGCs to a regenerative state [78] or intravitreal injections
of exogenous CNTF [79]. In cultured goldﬁsh RGCs, CNTF in
combination with two molecules secreted by optic nerve glia,
axogenesis factor-1 (AF-1) and AF-2, drives axon regeneration [80].
In zebraﬁsh, CNTF is known to play roles in photoreceptor
neuroprotection and induction of Müller glia cell proliferation in the
retina of undamaged zebraﬁsh [60]. Its implication in ON regeneration
however has not been studied thus far.
Another class of proteins acting as RGC-intrinsic outgrowth
molecules are the reggies (or ﬂotillins). Morpholino-mediated
combinatorial knock-down of the three zebraﬁsh reggie orthologs
1a, 2a and 2b results in an overall reduction in RGC axon regeneration
[81,82]. Similar to the situation in zebraﬁsh, knocking down reggies in
mouse hippocampal and N2a cells inhibits neuronal differentiation
and neurite extension in vitro [81]. These ﬁndings indicate that this
class of scaffolding proteins is essential for ON regeneration, most
likely by acting as microdomains for the assembly of multiprotein
signalling complexes recruited during regeneration.
Members of the KLF (krüppel-like factor) family are clearly
implicated in successful ON regeneration. They had been identiﬁed
initially by microarray analysis of changes in gene expression during
ON injury in zebraﬁsh. Veldman et al. had used laser micro-dissection
to isolate RGCs from uninjured and 3-day post-injury zebraﬁsh and
identiﬁed 347 up-regulated and 29 down-regulated genes. Out of six
genes chosen for further investigations using morpholino-mediated
knock-down, two out of those six, KLF6a and KLF7a, were necessary
for robust RGC axon re-growth [83]. The same research group recently
also identiﬁed KLF4 as a key player responsible for the loss of axon re-
growth capacity in adult mice [84]. Mice with a tissue-speciﬁc loss of
KLF4 in RGC cells were subjected to ON crush and assessed for
regeneration after 2 weeks. Strikingly, knock-out mice showed an
increase in the number of regenerated axons, however axons did not
regenerate fully. The authors propose that different members of the
KLF family act in concert to regulate the regenerative capacity of CNS
neurons in mice.
2.2.1.1.2. Growth-promoting molecules secreted from a permissive
environment. In addition to RGC-intrinsic molecular signals, cues from
the ON microenvironment play a signiﬁcant role in axon outgrowth.
Glial cells are major players in axonal regeneration, as they secrete a
variety of growth-promoting molecules. Examples are axogenesis
factors 1 and 2, which have been shown to activate the expression of
growth-related molecules via a purine-sensitive pathway in the
goldﬁsh [80]. Goldﬁsh and zebraﬁsh oligodendrocytes up-regulate the
expression of members of the immunoglobulin family, such as L1, P0
and Contactin1a, after ON lesion [72,85,86], suggesting roles in axon
regeneration and re-myelination.
Interestingly, not only do glial cells seem to secrete permissive or
inhibitory factors into the optic nerve microenvironment, but so do
photoreceptors. Matsukawa et al. isolated purpurin as a candidate
gene important in ON regeneration in goldﬁsh by screening a cDNA
library for genes up-regulated during regeneration. The site of
purpurin expression was shown to be goldﬁsh photoreceptors [87].Reference
te axon regeneration, axon outgrowth and neuronal differentiation [81]
axon regeneration in combination with axogenesis factors 1 and 2 [60,80]
ht to regulate axon regeneration [83,84]
te expression of growth-related molecules [80]
s neurite outgrowth [87,88,109]
nding [89]
nding [100]
nding [104,105,110]
ishes retinotopy during regeneration [106–108]
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neurite outgrowth in retinal explant cultures. This outgrowth can be
inhibited by adding an RALDH2 (retinaldehyde dehydrogenase)
inhibitor (disulﬁram). This has led to the speculation that the action
of purpurin might be mediated by retinoic acid synthesis. Nagashima
et al. tested this hypothesis by looking at the expression levels of
components of the retinoic acid synthesis pathway, such as RALDH2,
CYP26a1, CRABPs (cellular retinoic acid binding protein) and RARs
(retinoic acid receptor). RALDH2, CRABPs and RARS were signiﬁcantly
up-regulated after optic nerve injury in goldﬁsh, whereas CYP26a1
(an enzyme degrading retinoic acid) was down-regulated to about
50% of normal levels. These results indicate that retinoic acid
signalling might play a key role during the ﬁrst stage of optic nerve
regeneration in ﬁsh [88].
The axon guidance molecule Netrin-1 is promoting RGC axon
regeneration in goldﬁsh. Netrin-1 expression is maintained until
adulthood and receptors are up-regulated on newborn RGC axons
[89]. In contrast to zebraﬁsh, its expression is developmentally down-
regulated in rats [89].
2.2.1.2. Inhibitors. Although initial sprouting of neurites is observed in
mice after optic nerve injury, RGCs die shortly thereafter through
apoptosis, which is thought to be triggered by the activation of
astrocytes initiating wound repair and scarring. Inhibitory signals can
be roughly subdivided into myelin, glial scar and repellent axon
guidance molecules.
Myelin proteins are major inhibitors for axon regeneration in
mammals [90]. Data on howmyelin affects axonal re-growth in ﬁsh is
somewhat unclear.Whereas the role of myelin has not been studied in
zebraﬁsh, ﬁndings from goldﬁsh seem to argue that goldﬁsh myelin is
not a strong inhibitor [91–93]. The myelin-associated Nogo protein is
a major inhibitor of axon re-growth in the optic nerve and spinal cord
of mammals [94]. Knocking out Nogo A,B or C or inhibiting the Nogo
receptor in mice abolishes this inhibitory effect and allows neurite
extension into the ON lesion [95]. Although zebraﬁsh do possess a
Nogo A ortholog, the zebraﬁsh isoform does lack the NogoA-speciﬁc
N-terminal domain that inhibits regeneration in mammals [96]. A
recent study examined the role of the second, C-terminal, inhibitory
domain (Nogo-66) in zebraﬁsh axon regeneration [97]. Binding of
Nogo-66 to its receptor NgR has no inhibitory effect on zebraﬁsh RGC
axon growth and in fact is growth promoting.
Another prominent source of inhibition in mammals is the glial
scar formed in response to optic never injury. A hallmark of the glial
scar is increased immunoreactivity for chondroitin sulfates, which has
been shown to inhibit axonal regeneration [98]. In an elegant
experiment, Charalambous et al. grafted chick neural tube stem cells
onto a lesioned rat optic nerve, and observed the induction of MMP
(matrix metalloproteinase)-2 and -14 in astrocytes of the optic nerve.
This in turn led to the degradation of matrix chondroitin sulfate
proteoglycans and allowed rat axons to migrate towards the thalamus
and mid-brain [99]. Chondroitin sulfates are also present in the
developing and adult non-retinorecipient pretectal brain nuclei of
zebraﬁsh. However, they are not found before or after an optic nerve
crush in the optic nerve and tract in adult zebraﬁsh [100]. Quite
different to the situation in rodents, where chondroitin sulfates seem
to play a direct role in inhibition of axon regeneration, Becker and
Becker postulate that in zebraﬁsh, chondroitin sulfates play a role in
axon regeneration by acting as repellent axon guidance molecules
that help axons ﬁnding their correct path to their tectal targets [100].
As the zebraﬁsh retina continues to grow throughout the life of the
ﬁsh, newborn RGCs are constantly added to the retina and their axons
need to ﬁnd the correct path along the optic nerve. Developmentally
regulated axon guidance molecules thus might remain in the ON
microenvironment and play a key role in regeneration.
Semaphorin3a, a major repellent axon guidance cue, is up-
regulated after axotomy of the rat ON for 28 days [101]. Calanderet al. reported the expression of Sema3Aa in the retina, optic chiasm
and optic tectum in zebraﬁsh. However, it does not seem to be present
during the time window when the axons extend [102]. Becker and
Becker state that neither of the two zebraﬁsh 3A orthologs are
detectably expressed in the lesioned optic nerve tract in the adult
zebraﬁsh (unpublished results reported in [73]). The lack of
expression of this repellent axon guidance molecule in zebraﬁsh
might explain why axons are regenerated.
While the lack of repellent axon guidance molecules in zebraﬁsh
might help newly generated axons to extend, the expression of
repellent guidance cues in speciﬁc patterns has been shown to
be essential for establishing correct pathﬁnding and retinotopy.
TenascinR is an extracellular matrix molecule acting as a repellent
guidance cue during development [103]. Areas of TenascinR expression
are also maintained in the adult zebraﬁsh, bordering newly growing
axons from the retinal periphery [104], indicating that it also is
implicated in guiding regenerating axons to their respective brain
targets. Inmice, TenascinR similarly seems to act as a repellent guidance
molecule. Outgrowth of embryonic and adult retinal ganglion cell axons
from mouse retinal explants is signiﬁcantly reduced on homogeneous
substrates of TenascinR [105]. Becker et al. have observed an increase in
the number of cells expressing TenascinR mRNA in the lesioned optic
nerve and have hypothesized that the continued expression of the
protein after an optic nerve crush may contribute to the failure of adult
retinal ganglion cells to regenerate their axons in vivo.
Another class of repellent cues involved in establishing retinotopy
in the tectum are the Ephrin-As, acting via Eph receptors. Develop-
mental gradients of Ephrin-A2 and -A5 are retained in unlesioned and
lesioned adult zebraﬁsh [106], and blocking Eph receptors in goldﬁsh
has a detrimental effect on establishing retinotopy during regenera-
tion [107]. Interestingly, while EphA3 and A5 (receptors) have been
found to be re-expressed in a gradient in the retina of goldﬁsh [108],
their expression is not recapitulated during optic nerve regeneration
in zebraﬁsh [106].
2.2.2. Open questions
Data about molecular factors inﬂuencing optic nerve regeneration
are accumulating and provide starting points for new therapeutic
approaches. Recent gene therapy trials conducted in mouse models
have shown that combinatorial treatments can switch RGCs to a
growth state and lead to some extent of axon regeneration [111–113].
Despite this progress, several open questions remain: Are the newly
regenerated RGC axons going to innervate the appropriate pretectal
and tectal targets and re-establish a correct retinotopic map?
Moreover, ultimately, will regeneration of RGC axons lead to recovery
of visual function?
Strikingly, the answer seems to be “yes” in zebraﬁsh and goldﬁsh.
RGC axons not only re-grow, but also ﬁnd their way back to their
original targets, leading to full recovery of visual function [72,114–
117]. Unfortunately, not much is known about the molecular path-
ways underlying restoration of vision, as research performed to date
has mainly focussed on the ﬁrst steps in ON regeneration, axon re-
growth and pathﬁnding. Integration of regenerated axons into
existing circuits is a prerequisite for restoration of vision in human
patients. Therefore, a thorough understanding of these late-step
processes in regeneration on a molecular level is indispensable for
successful future therapeutic approaches. The zebraﬁsh model system
has great potential for uncovering themolecular pathways underlying
network integration of regenerated optic nerve ﬁbers.
2.3. Spinal cord
Abundant research efforts to facilitate spinal cord regeneration in a
clinical setting have focussed largely on rodent models, providing
valuable insights into the cellular processes required for functional
recovery. Despite intense efforts, the limited ability of mammalian
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remains a limiting factor. Thus the goals of basic research, to allow
translation into the clinical setting, include the enhancement of
regeneration by identifying interactions that alleviate these restric-
tions or activate latent cells. Anamniotic vertebrates exhibit substan-
tial spinal cord regenerative capacity and can thus provide insight into
the events that underpin successful functional regeneration. Recent
reviews and volumes compare the utility and contributions of
anamniotic vertebrates to spinal cord regeneration [118,119].
Clinical sources of spinal cord injury typically include trauma and
neurodegenerative diseases. Principal issues in clinical spinal cord
regeneration include: i) protection of surviving cells from secondary
degeneration following injury; ii) proliferation of new cells; iii)
growth of axons through/around scar; iv) connection of axons to
original targets; and v) plasticity of the CNS to restore function despite
imperfect pathﬁnding. Spinal cord regeneration from stem cells will
require multimodal treatment to address neuron-intrinsic and
neuron-extrinsic limitations.
Following spinal cord injury in mammals, the number of new
axons generated is very limited. In sum, it appears that the plasticity of
spared axons is the principal substrate for the limited functional
recovery that is achieved [120]. Thus, studies of enhanced and
directed axonal sprouting will be valuable to implementing treat-
ments. Regeneration of neurons will be especially important to
human corticospinal lesions and restoration of voluntary motor
control, because neuronal sprouting is limited in these areas [120].
An understanding of neuronal differentiation and functional integra-
tion is of high priority and a number of ongoing clinical trials using
stem cell therapy seek to address these issues [121–123].
Zebraﬁsh, with their capacity to regenerate neurons and their
axons and regain function following experimentally induced spinal
cord injury, offer promise in addressing several key questions. Beyond
the various advantages of the model system, studying functional
regeneration of the spinal cord in zebraﬁsh is expected to be
especially fruitful. Drug and gene discovery in regard to spinal cord
regeneration are very practical in zebraﬁsh because measurements of
functional recovery can be automated in this highly active species
(reviewed below). Unfortunately, their small size will not permit
analysis of axon pathﬁnding to navigate large injuries. In the context
of spinal injuries observed clinically, larger rat models may be
considered too small. The size of an adult zebraﬁsh is an order of
magnitude less than the size of a typical human spinal cord lesion.
However the small size of the organism is an advantage in many
regards, as in most model organisms, providing economy and
generation time efﬁciency not practicable in larger animals. In sum,
it appears that zebraﬁsh will be invaluable to discovering targets for
functional regeneration of the spinal cord, serving as a very effective
compliment to murine and large-animal models.
Studies of the zebraﬁsh spinal cord have demonstrated robust
regenerative capacity. Detailed research differentiates cell and injury
types that inﬂuence the regenerative response and delineates the
molecules that underpin such differences. Regeneration of zebraﬁsh
adult spinal cord neurons from most of the spinal-projecting brain
nuclei is observed following spinal cord lesion [124]. Various nuclei
display different regenerative properties, including the molecular
pathways engaged, depending on the rostral–caudal position of the
lesion [125,126] and identiﬁable patterns within this heterogeneity
may be exploited to understand molecular pathways determining the
intrinsic ability to regenerate. Pathways underpinning regeneration
seem to be primarily those previously noted for similar functions in
mammals and almost exclusively focus upon cell-adhesion proteins.
The immunoglobulin superfamily cell-adhesion protein L1.1 contri-
butes to spinal neuron growth, synapse formation and functional
recovery in zebraﬁsh [127], as demonstrated by applying a morpho-
lino directed against L1.1 to the spinal cord lesion. This effective gene
knock-down technology is an economical and informative loss-of-function complement to tests in mammals, where L1 has been shown
to be up-regulated during regeneration in CNS nerve grafts and L1
fusion protein application can promote functional recovery of
locomotion [128,129]. Similarly, GAP-43 is up-regulated in zebraﬁsh
spinal cord regeneration [125], as in mammals [130–132].
On the other hand, another cell-adhesion molecule, protein zero
(P0, a component of the myelin sheath) shows substantive difference
between anamniotes with regenerative capacity when compared to
mammals with limited spinal cord regenerative potential [85,133]:
This and difference to mammals allow studies in zebraﬁsh to
contribute to understanding re-myelination following regeneration
[133]. Recent work has examined another cell-adhesion molecule,
Contactin1a, which is up-regulated in both neurons and oligoden-
drocytes during spinal cord lesion [86] and is discussed above in the
section on optic nerve regeneration.
Although many classes of neurons of the zebraﬁsh regenerate
following spinal cord lesion, some do not. One example of cells with
limited ability to regenerate their axons is the Mauthner cell
[118,124]; a large and easily identiﬁable cell type that is amenable
to electrophysiological recording in larval zebraﬁsh and controls
swimming [134–137]. Because other neurons consistently regenerate
via the glial scar following lesion, Bhatt et al. have suggested that the
Mauthner cell has intrinsic properties (a surface protein or a
component of its intracellular signalling cascade) that limit its
regenerative capacity [138]. It is noteworthy that if such an intrinsic
factor exists then it is presumably limiting regeneration through
detection of some property in the neuron's environment.
If this is the case, identiﬁcation of molecules extrinsic to the
Mauthner cell environment that interact with Mauthner-speciﬁc
sensors is critically important. AlthoughMauthner cell regeneration is
rare, it can be bolstered by altering intracellular signalling, including
application of cAMP [138]. cAMP is known to affect neuronal
sprouting and regeneration in other systems although which of the
many pathways it may be modulating remains unclear. Mauthner cell
regeneration is an attractive target from a technical point-of-view, as
functional regeneration (reviewed below) can be assessed via trunk
movement [138] related to escape behavior, with the potential for
high-throughput screening in 96-well plates [139–141]. These large
cells can be recorded from or stimulated readily for electrophysiology
[138].
Heterogeneous glial reactions that are expected to affect regene-
ration of spinal cord axons in mammals also occur in zebraﬁsh [125].
Macrophages/microglia increase in numbers and phagocytose myelin
debris, which may or may not be beneﬁcial to axon regeneration
[142]. In mammals, such differences have been identiﬁed to underpin
the permissive or restrictive properties of glia towards regeneration
[143].
2.4. Brain nuclei
Clinical regeneration of neurons in higher brain centres is a
laudable, oft-described goal of stem cell biology. Ambitious targets of
stem cell treatment include neurodegenerative diseases including
Alzheimer Disease, Parkinson, and ALS [144–147], as well as stroke
and traumatic brain injury. Indeed, proliferating cells may not only be
expected to replace lost neurons, but may also be able to support the
survival of remaining cells.
Zebraﬁsh are attracting considerable interest in understanding
cellular and molecular pathways directing radial glia to become stem
cells, and directing CNS stem cells to replace lost neurons. Adult
neurogenesis is substantial in the zebraﬁsh brain [148–156] and
includes brain centres beyond the restricted forebrain proliferation
typically studied in mammalian models. Compared to mammals,
zebraﬁsh adult neurogenesis is located in multiple centres, but is
fundamentally similar in process; subventricular proliferative zones
give rise to nascent neurons that migrate radially to their differentiated
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in which zebraﬁsh brains are damaged, thus allowing the regenerative
response to be addressed. Nevertheless, these approaches are certainly
on the horizon [157], building on the substantial research in other ﬁsh
models [158]. Efforts to deﬁne zebraﬁsh adult stem cell properties will
be very valuable in studies of functional regeneration.
Stem cells of the adult zebraﬁsh brain have recently begun to be
deﬁned, establishing zebraﬁsh as a valuable model for adult brain
stem cell biology. In the tegmentum, her5 (orthologue of mammalian
Hes) cells meet the deﬁnitions of bona ﬁde stem cells (including self-
renewal, slow proliferation and multipotency) and H/E(Spl) factors
generally have a role in maintaining a neural progenitor state. These
populations express markers of stem cells conserved with mamma-
lian neural progenitors, including BLBP, GFAP, and Sox2. Presumptive
neurons arising also express conserved markers, including asha1,
her4, ngn1, and Delta [159,160].
3. Lesioning paradigms
Animal models of neuronal regeneration necessarily depend upon
the manner in which the neurons (and neighbouring cells) are
damaged. Various paradigms have been developed in an opportunistic
fashion, each with different goals and suite of advantages. In some
instances, experimentally induced damage may have a central goal of
trying to replicate a disease process. Although a plethora of animal
models of disease exist, few zebraﬁsh models of disease have been
brought to bear on regeneration. Instead, most work have focussed on
an experimental intervention (surgery, neurotoxin application, etc.,
reviewed below) that strives for reproducibility. Traditionally such
studies have been opportunistic in that they ablate accessible cells. ForFig. 2.Multiple methods of neuronal ablation to study CNS regeneration in zebraﬁsh. The m
design. The speciﬁcity of the neurons targeted (ablation of only one or some neuronal cell ty
A) light/laser lesion, B) chemical ablation, C) surgical lesion or D) NTR transgenic ablationexample the optic nerve and spinal cord are accessible to surgical
lesion, and the retina is accessible to neurotoxin delivery via
intraocular injection, or to toxic light lesion in albino animals. We
review here methods that have been informative for regeneration
studies in the past, and look ahead to transgenic paradigms that are
well suited to the zebraﬁsh model and have the potential to allow cell
ablation/regeneration to be studied within a vast variety of neuronal
cell types. We end with a commentary that assessing the function of
regenerated neurons needs to become the benchmark of the ﬁeld.
Thus physiological and behavioral measures of regeneration ought to
be a substantial component of assessing regeneration, and thus in the
design of CNS regeneration paradigms.
3.1. Advantages to reﬁning methods
A variety of lesioning paradigms have been employed for the
induction of neuronal cell ablation with goals of learning more about
regeneration of the zebraﬁsh CNS. Techniques range in the speciﬁcity
of lesioning (Fig. 2). Whereas surgical excisions of pieces of tissues are
not cell-speciﬁc, methods such as laser or light lesioning are potent to
target speciﬁc layers of the CNS. These techniques have allowed
research groups to observe the regeneration process, but a pitfall is
that many cell types are ablated and thus questions concerning
speciﬁc cell fate determination cannot be readily answered
[23,24,161]. Cell ablation using a laser can also be used for targeting
only speciﬁc neuronal cells of interest in a tissue [162,163]. The use of
chemical toxins, such as ouabain, injected into the eye also possesses a
certain level for controlled cell death. The concentration of the
injected toxin dictates the extent of penetration of the toxin into the
retinal layers, and therefore the amount of cell death [43,164]. Novelethod of cell ablation inﬂuences the complexity of regeneration and thus experimental
pes versus ablation of an entire section of retinal tissue) is dependent on the technique:
(see also Fig. 3).
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proving to be the most speciﬁc means for targeted cell ablation [165].
Regeneration paradigms can be reﬁned through the standardiza-
tion of the lesioning paradigms. Studies will becomemore comparable
between treatments or between research groups when protocols are
performed with exacting rigor, eliminating some of the variables such
as the unwanted death of neighbouring neurons or the activation of
different cell death signalling pathways (i.e. apoptosis versus
necrosis) due to distinctive lesioning methods, both of which could
have an impact on the regeneration of the neurons of interest
[166,167]. Reﬁnement of techniques also leads to simplifying the
ability to visualize cell ablation and regeneration in vivo [165].
With each investigation of regeneration, the possibility of applying
this knowledge towards therapeutics for the treatment of human
neurodegenerative diseases gets closer to becoming a reality.
Characterization of the biological mechanisms and signalling path-
ways involved in this process is crucial. Thus reﬁned strategies for
neuron damage/ablation, each with its particular advantages, are a
worthwhile consideration.
3.2. Methods of inducing neuronal death and damage
3.2.1. Surgical lesioning
Surgical lesioning of CNS tissues has been performed on the optic
nerve, spinal cord, brainand retinal neuronsofmanyorganisms including
teleost ﬁsh, mouse, rat and Xenopus [33,53,77,124,158,166–174].
Optic nerve crush is a surgical lesioning approach that is routinely
applied in studies using rat, mouse and teleost ﬁsh. Themost common
surgical technique is to expose the optic nerve by gently pulling the
eyeball out of the socket then crushing it, taking care not to sever the
ophthalmic artery [77,100,106,166,167]. Optic nerve damage can
easily be visualized and conﬁrmed. In zebraﬁsh, the optic nerve
usually has a whitish opaque colour, but upon damage, a translucent
stripe across the optic nerve becomes visible where the forceps had
made contact [106].
Becker and Becker examined regeneration of the optic projection
in zebraﬁsh after optic nerve crush to study the role of genes involved
in axonal growth, pathway selection, and target recognition [106]. The
axonal projection is retinotopic, meaning that it is formed from/
composed of retinal ganglion cells projecting to the optic tectum
[175]. After lesioning, certain tectal areas were observed to be primary
targets for the regenerating axons in that there was an increased
probability for functional integration of regenerated tissue. Becker
and Becker found that the pattern of expression of the recognition
molecules ephrin-A2 and ephrin-A5b correlated to the target areas,
suggesting that these molecules may play important roles in
functional regeneration of the optic nerve [106].
Although a major contributor to our understanding of nerve
regeneration, the relevance of optic nerve crush to human disease is
questionable. A signiﬁcant advantage of this paradigm, however,
includes the ability to trace pathﬁnding and target accuracy of the
regenerated axons (reviewed above).
Retinal regeneration has been investigated by surgically removing
portions of the retina or the retina in its entirety [176,177]. Mensinger
and Powers investigated the effects of removing parts or the entire
retina on regeneration in the teleostmodels goldﬁsh and sunﬁsh [178].
While excision of thewhole retina completely prevented regeneration,
leaving only 5% of retinal tissue intact led to restoration of functional
vision, as assayed by ERGs and dorsal light response (DLR). Surgical
lesioning of the retina has also been used as a means to study gene
expression proﬁle changes during retinal regeneration [53].
Retinal damage via surgery has been useful for observing neuronal
regeneration, but is less powerful for studying only a speciﬁc subset of
retinal neurons because all neurons are regenerating at once [177]. It
is noteworthy that this type of lesion leads to formation of a blastema
during regeneration, and in this aspect may be comparable to lesionparadigms in other tissues (e.g. surgical intervention in heart and tail
ﬁns).
In studies of regeneration of the vertebrate spinal cord, researchers
have attempted to simulate human spinal cord injury in an effort to
discover potential therapies. Many investigations have employed
teleost ﬁsh including adult zebraﬁsh, cichlids and goldﬁsh, and similar
surgical techniques have been used to lesion their spinal cords
[124,170,179]. The vertebral column is exposed with a longitudinal
incision, then is transected in the region of interest [124]. A similar
technique to study spinal cord regeneration in mammals has been
performed using adult rats and mice [169,172], and regeneration
studies of Xenopus tadpoles have performed tail amputations to allow
for comparisons of tail regeneration with spinal cord regeneration
[173].
In an investigation by Becker et al., axonal regeneration of the
zebraﬁsh spinal cord was studied. After transection of the cord, re-
growth of projections from brain nuclei can be observed. Within six
weeks post lesion, most of the brain nuclei had axons that extended
past the transaction and into the distal spinal cord, indicative of
regeneration [118].
3.2.2. Laser lesioning
Laser lesioning has been applied to induce ablation of neural cells
in various tissues and organisms [23,161,180]. Regeneration of the
retina of teleost ﬁsh has been investigated by ablating photoreceptors
with an argon laser. The argon laser promotes accurate placement of
the lesions and can be used to ablate photoreceptor cells in the outer
nuclear layer in the retina. In this procedure, the lens of the ﬁsh is
surgically removed in order to gain access to the retina for focussing
the laser. The resulting lesions appear as bleached spots on the retina
[23,161].
A particularly advantageous feature of laser lesioning is that it can
be employed on a cell-speciﬁc level to allow for regeneration studies
of subgroups of neurons. Moreover, it can be directed to ablation of
any part of the CNS. The targeted cells are labelled with an indicator
such as a ﬂuorescent dye to allow for easy visualization of neurons. In
their study of the zebraﬁsh hindbrain, Liu and Fetcho labelled cells
through retrograde uptake of the indicator CGD by injecting it into the
spinal cord of 4dpf ﬁsh [163]. After intense light exposure, the dye will
have adverse affects, and thus cause cell death. The targeted neurons
were identiﬁed by position and morphology, and subsequently
injured by exposing them to the maximum intensity of the laser.
Immediately after light treatment, ﬂuorescence was observably
decreased, and by 24 h after treatment it was no longer detectable
in confocal images, suggesting cell death [163]. A similar approach
was used on optic tectum in zebraﬁsh larvae, utilizing effective
measures of visual function [181]. Moreover, Kimmel et al. utilized
laser irradiation on trigeminal neurons to investigate if their input to
the hindbrain Mauthner cell affects its dendrite outgrowth [182].
These laser lesioning paradigms have not yet been used for
regeneration studies, but appear to be an attractive method for this
purpose.
Finally, it is noteworthy that femtosecond laser pulses have been
employed to ablate speciﬁc cells in live zebraﬁsh [183]. Although this
has not yet been used to ablate neuronal cells of zebraﬁsh, it has been
successful in studying neuronal regeneration in Caenorhabditis elegans
[184]. Developing this technology, and combining it with the optical
transparency and transgenesis of zebraﬁsh have substantial potential
for speciﬁc ablation and neuronal regeneration.
3.2.3. Light lesioning
Light-induced lesioning is a popular method of cell ablation
because it targets photoreceptor cells while leaving the remainder of
the retina relatively unharmed, with less inﬂammatory response
compared to tissue injury [185]. This system has been shown to be
very effective for studies of the teleost retina, and is the most
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albino and pigmented ﬁsh [186–188]. Mechanisms of cell death in
light lesion have been reviewed extensively elsewhere [187,189] and
likely include both generation of reactive oxygen species and
accumulation of heat leading to photoreceptor death.
Fish are initially dark adapted for a particular period of time,
followed by the application of constant light, which induces
photoreceptor cell death through apoptosis [24,40,185,190]. The
extent of retinal injury to the organism is affected by the ﬁsh's
history of light exposure, the period, quality and intensity of light
exposure, and the organism's pigmentation and genetic background
[24,187,191]. Regeneration of photoreceptors following such lesions
is substantial (please refer to the Retina section of this review).
3.2.4. Chemical ablation
Another technique used primarily for the study of teleost retinal
regeneration is to expose the tissue of interest to toxic chemicals.
Ouabain, a metabolic poison inhibiting the Na+/K+-ATPase, has
speciﬁcally been employed to induce degeneration of cells in the
retina [43,164,192]. Depolarization of the plasma membrane triggers
a cascade of enzymatic events, leading to cell death [193]. The extent
of cell death is proportional to the concentration of intravitreal toxin
[43,164,194]. High concentrations of ouabain have been shown to
rapidly cause death to all retinal nuclear layers, while the use of lower
concentrations can be useful in biasing ablation towards the inner
nuclear layers while leaving the photoreceptor layer relatively
unscathed. Fimbel et al. took advantage of this element and
demonstrated that selective damage to cells of the INL by injection
of low doses of ouabain could stimulate regeneration [43]. A zebraﬁsh
model for whole retina regeneration has been presented by Sherpa et
al. who showed regeneration of RGCs after cytotoxin injection [194].
Intravitreal injection of 6-hydroxydopamine (6-OHDA) has been
used to ablate retinal dopaminergic cells in both goldﬁsh and
zebraﬁsh [195–199]. Almost 3 decades ago Negishi et al. had shown
that loss of dopaminergic neurons in goldﬁsh retinas triggered
increased proliferation of retinal progenitors [198]. Li et al. have
used a behavioral test (escape resonse) to study the effect of loss of
dopaminergic neurons on visual sensitivity in the zebraﬁsh [195].
3.2.5. Transgenic expression of toxic proteins
Ablation of particular cells has been achieved by expression of
disease genes or other toxic proteins in subsets of zebraﬁsh
photoreceptors [200,201]. This genetic ablation of cones versus rods
has led to important insights into retinal progenitor pools in the
zebraﬁsh retina [202]. In contrast to emerging transgenic methods
reviewed below, in which the toxicity is inducible and restricted to
the timeline of prodrug exposure, the continued fruitful nature of
these methods will be limited somewhat by the toxic protein being
abundant in the regenerated cell. Arguably, the early steps of cell
regeneration will be unperturbed in these models, and late-stage
molecular signatures and functional measures of regeneration will
need to consider whether the results are inﬂuenced by the toxic
proteins used for ablation.
3.2.6. Transgenic conditional cell-speciﬁc ablation
Genetic engineering techniques have become very practical in the
zebraﬁsh, and with the advancement of these tools, mechanisms of
development and regeneration have become readily observable.
Recently, investigators have created conditional cell ablation techniques
by combining genetic and chemical tools to target the degeneration of
particular cell types (Fig. 3) [165,203,204]. By speciﬁcally directing
ablation of a particular neuronal cell class for a limited period of time,
rather than causing simultaneous death to many types of neurons, as
had been the standard procedure thus far, alterations and disruptions in
relevant genetic pathways can be analyzed for their potential roles in
CNS regeneration.One recently developedmethod of transgenic cell-speciﬁc ablation
is nitroreductase-mediated conditional cell ablation [165]. Transgenic
zebraﬁsh express the Escherichia coli gene nfsB encoding the
nitroreductase (NTR) enzyme. NTR is driven by a cell-speciﬁc
promoter, resulting in its expression in the targeted neuron type.
These neurons will function normally until the application of a
prodrug, metronidazole (MTZ). MTZ binds to NTR and is electro-
chemically reduced, converting it into a DNA cross-linking cytotoxin
[165] (Fig. 3B). The toxic form of MTZ remains isolated in the neurons
of interest and induces base transitions, transversion mutations, and
ﬁnally fragmentation of DNA [205]. This results in precise cell ablation
of the subset of neurons expressing NTR, while other neighbouring
cells appear to be unaffected by the toxin [165]. Ablation is
discontinued upon the removal of the prodrug, allowing for
regeneration to occur devoid of the inﬂuence of the toxin. The
method has recently been used to ablate speciﬁc classes of bipolar
cells in the zebraﬁsh retina [204]. Based upon cell counts, the ablated
bipolar cells reappear in the retina, presumably regenerating from a
proliferating population. Another study has utilized a similar
approach to ablate rod photoreceptors and demonstrated a differen-
tial proliferative response based on the abundance of rods ablated
[241]. This study underlines the potential of the system, allowing
speciﬁc cell classes to regenerate among the complexity of cell types
in the retina. Certain questions remain to be tested, includingwhether
adjacent cells are damaged or killed by the method, and whether the
cell types regenerated are more or less diverse than those that are
ablated. The speciﬁcity of the system is tantalizing, as it ought to allow
a simpler system to deﬁne molecular mechanisms during regenera-
tion of a single cell type rather than many cell types. Ideally, via
comparison of regeneration of multiple classes, the community will
learn triggers of cell-type-speciﬁc regeneration and functional
rewiring.
The methods used to date in zebraﬁsh using nitroreductase cell
ablation also utilize the Gal4-VP16 and UAS combinatorial transgenic
system [165,204]. This allows the exciting potential for combination
with Gal4 enhancer trap lines [206–208] with many neuronal and
glial types now available for ablation in a variety of CNS tissues.
Although the toxicity and transcriptional effects of VP16 itself need to
be considered, this model system has enormous potential to
efﬁciently ablate single or multiple cell types to compare their
regeneration and functional integration.
3.3. Regeneration has limited utility if function is not restored
The regeneration of a neuronal cell is an impressive process, but
would be of limited utility if the cell does not functionally integrate
into the existing tissue system upon regeneration. This aspect is often
overlooked in regeneration studies. Neuronal regeneration in the
zebraﬁsh can easily be observed, but the functionality of the
regenerated cells is often assumed but not experimentally tested.
Deﬁning the molecular mechanisms that specify the regenerating
cell's fate will be an ongoing focus of the community, and will
certainly contribute to clinical speciﬁcation of stem cells. On the other
hand, specifying cell fates alone will not be useful if the cells are not
directed to reconnect into the neuronal network. Here we review
regeneration paradigms that can be coupled with informative and/or
efﬁcient methods to assess the regenerated function using electro-
physiology and/or behavior.
3.3.1. Electrophysiology output
The ERG (electroretinogram) is a routinely used and extremely
valuable tool for studying degeneration and dysfunction of retinal
neurons in the zebraﬁsh. This technique measures light-induced
changes of electrical activity in the eye [11,209,210]. The ERG is a
method for probing outer retinal function and can be adapted to larval
zebraﬁsh and adult zebraﬁsh, as well as multiple other organisms. In
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cornea of the zebraﬁsh, and a response is induced by ﬂashing light at
speciﬁc intensities and durations [11]. The observed response is
recorded by the instrumentation and interpreted into an ERG trace
(Fig. 4) that has a form very simlar to the ERG of mammals.
The vertebrate ERG output is expressed as three distinct waves
(Fig. 4). An initial low-amplitude negative a-wave reﬂecting photo-
receptor activity is followed by the large positive b-wave, mainly
representing second-order (ON bipolar) neuron activity. The d-wave
appears at light offset and is indicative of postsynaptic activity
involved in the OFF response [11,211].
The ERG has been used in goldﬁsh to assess functional recovery of
retinal neurons after cytotoxic lesioning and surgical extirpation of
the adult retina [178]. Recovery of the ERG a-wave up to 90% of
control levels coincided perfectly with the regeneration of photo-
receptors, and more importantly, also the b-wave amplitude
recovered up to 50% in amplitude, demonstrating that regenerated
photoreceptors made proper synaptic connections with second-order
neurons [212]. The ERG has also been used to demonstrate functional
integration during regeneration of a speciﬁc cone class in rainbow
trout [191]. Restoration of function has also been established beyond
the retina during cone photoreceptor regeneration in trout [213].
These recordings from the optic nervewhere it enters the tectumhave
the advantage of demonstrating connectivity to higher brain centres,
but require surgery and thus preclude documenting regeneration
within the same individual.
Electropysiological tools can also be employed for detecting
electrical activity in the spinal cord of zebraﬁsh. Patch-clamp
electrodes are placed extracellularly on the zebraﬁsh in order to
record the locomotive response pattern [134,214].
3.3.2. Behavioral output
Behavioral responses are another mode to assess functional
integration of regenerated neurons into existing circuits. The loss of
certain behaviors upon the ablation of neurons, as well as the recovery
of those behaviors once the cells have regenerated, can be assessed by
a number of well-established paradigms in the zebraﬁsh. Typically,
these have focussed on innate responses of ﬁsh to presented stimuli,
rather than operant conditioning, thus simplifying the methods
considerably. Indeed the simplicity of many of these assays should
make them accessible to most any research group.
3.3.2.1. Regeneration of motor behaviors. Regeneration after spinal cord
transection in adult zebraﬁsh has been studied employing a simple
swimming performance assay [215]. 1 and 3 months after lesioning,
ﬁsh were transferred into a tunnel with water ﬂowing at slow and fast
speed to test for swimming endurance as a function of ﬁber re-growth
[215].
Other examples of robust assays include the light-induced startle
response used in high-throughput screening for motor deﬁcits [139–
141]. This assays certainly could be used to assess replacement of
functional connections during hindbrain or spinal cord regeneration.
Escape responses in zebraﬁsh larvae can also be induced with a light
touch or puff of water directed at the trunk. This type of assay hasFig. 3. Regeneration of a single neuronal class can be achieved following conditional
cell-speciﬁc ablation. To reduce the heterogeneity of the regenerative resonse, one can
reduce the complexity of the cell types that are ablated. This has recently been achieved
using neuron-speciﬁc transgenic expression of the bacterial gene nitroreductase (nfsB,
produces NTR protein), which kills cells upon application of the prodrug metronidazole
(MTZ) [204]. A tissue-speciﬁc promoter fused to green ﬂuorescent protein (GFP) drives
expression of NTR in bipolar neurons of the retina (A). Cells expressing NTR develop
normally until MTZ prodrug application, e.g. in a bath treatment (B). Upon application,
MTZ is converted to toxin only in cells expressing NTR, leading to cross-linking of DNA
and cell death (C,D). Removal of MTZ permits cell-speciﬁc regeneration, including
expression of the ﬂuorescent marker (E). This method can be combined efﬁciently with
enhancer traps, allowing regeneration to be studied in a variety of cell populations (see
text).
Fig. 4. CNS regeneration studies should emphasize functional integration of the
regenerated cells. The electroretinogram (ERG) is an example of a non-invasive
technique that can be applied to measure neuronal function, thus allowing within-
individual examination of the regenerative process (e.g. measures before, during, and
after cell ablation). Analysis of the ERG response typically focusses on the amplitude of
the b-wave (bold, blue positive deﬂection) in response to light stimuli. The b-wave
primarily represents bipolar cell activity, and thus regeneration of this response can be
diagnostic for appropriate integration of photoreceptors and bipolar cells following
regeneration [191].
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larval spinal cord [138].
3.3.2.2. Visually-evoked behaviors. Visually-evoked behaviors of zebra-
ﬁsh (and goldﬁsh) can be easily stimulated and are readily accessible
for measurement and genetic analysis of functional vision [12,216].
The optokinetic response (OKR) is a robust assay for visual
functionmeasuring zebraﬁsh eye movements in response to a moving
stimulus (grating) [217–220]. Ablation of cone photoreceptors for
example, would be expected to impair colour detection in zebraﬁsh
larvae. Consequently they would not be able to track the movements
of coloured objects. Cone photoreceptors' regeneration would lead to
recovery of functional colour vision and improved performance in the
OKR assay could be observed.
The OKR has been used to study retinal regeneration after ouabain
injection in the goldﬁsh [221]. Cytotoxin injection resulted in lack or
greatly reduced OKR performance. Regeneration of retinal cell layers
resulted in partial recovery of several visually-evoked assays (ERG,
DRL and OKR), however visual sensitivity did not completely return to
control levels [221].
In the optomotor response (OMR),motion in a particular direction is
simulated and zebraﬁsh will swim in the direction of the perceived
motion [222,223]. Failure of zebraﬁsh to respond to the OMR stimulus
can be attributed to distinct/different underlying causes, and thus the
OMR can be used for studying regeneration of various CNS tissues.
Swimming arrest will occur following lesion, and functional regene-
ration should be able to (at least partially) restore the optomotor
response. As the OMR is dependent not only on a functional retina, but
also on the correct propagation of visual stimuli to the ﬁsh optic tectum,
regenerationof the optic nerve can also be tested. Kanedaet al. observed
that the expression increase of the growth cone marker GAP-43 after
optic nerve injury temporally concurred with the recovery of two
visually-mediated behaviors (OMR and chasing behavior) [76].
4. Regeneration as a potential confound when
studying neurodegeneration
International efforts are focussing on developing zebraﬁsh as
models of neurodegenerative disease, by identifying zebraﬁsh
mutants and deploying human versions of disease-associated genes
(see other papers in this volume). These efforts parallel those inmouse
and rat models, which have contributed much to understanding ofdisease progression [224]. It is noteworthy that such models, where
neuron death is a benchmark outcome, are anticipated to exhibit
substantial regenerative response. Regeneration from intrinsic
stem cells during degeneration will represent both confounds and
opportunities to modelling neurodegenerative disease. In particular,
longitudinal studies assessing cell loss by quantifying neuron popula-
tions may be difﬁcult if neurons are replaced at a rate similar to cell
death. Perhaps such regeneration underpins the lack of obvious
neuronal loss, despite neuropathological change in teleost models of
light-induced photoreceptor death [225] or prion infectivity [226]
(and othermanuscripts in this volume). Instead, emphasismay be best
placed on methods that assay cell death via expression of available
cell death markers. Gene discovery approaches using zebraﬁsh disease
models may also need to consider regeneration in theway experiments
are designed. For example proteomic, transcriptomic or metabolomic
studies of disease models will need to interpret changes in molecular
abundance in light of both degeneration and regeneration. One strategy
to address such issues may be to focus experiments on aged ﬁsh, e.g.
zebraﬁsh more than two years old, where somatic growth and adult
neurogenesis have slowed and the regenerative response is expected to
be less robust.
Beyond experimental design, other fundamental processes in
neurodegeneration may be different in an organism that is capable of
replacing lost neurons. These may include the cellular and molecular
aspects of astrocyte reactions to injury. As reviewed above, popula-
tions of glia dedifferentiate to a progenitor cell state following
zebraﬁsh neuronal injury. This is in marked contrast to mammalian
systems and thus the molecular and cellular responses of glia, or at
least a subset thereof, will be directed to a different biological process
than one expects in a clinical setting.
Similarly, declines in adult neurogenesis have been associated
with onset of dementia in AD [227]. This has led to hypotheses that
decreased neurogenesis is causal for learning deﬁcits and cognitive
decline. Zebraﬁsh represent an exciting opportunity to understand
adult neurogenesis, however their continued robust generation of
new neurons into adulthood directly opposes the disease process
observed during clinical neurodegenerative decline. It will be of
interest to examine if such neurogenesis is similarly affected in
various zebraﬁsh models of human neurodegeneration. We expect
that it will be important to develop methods that allow adult
neurogenesis to be slowed in these zebraﬁsh disease models.
A further complication to these disease models is that the disease-
associated molecule being deployed in transgenic models is often
intimately linked to proliferation. One example is amyloid precursor
protein (APP), which is processed inappropriately in Alzheimer
Disease and overexpressed in various Alzheimer Disease animal
models. APP is enriched in neurogenic zones and acts to negatively
modulate neurogenesis via its intracellular domain [228,229] and
promotes neuritogenesis through its extracellular domains [230–
232]. Consistent with this, mouse models of Alzheimer Disease
integrating APP, Tau and Presenilin have reduced adult neurogenesis
[233–237]. Similarly, the prion protein (PrPC), often overexpressed in
animal models to allow cross-species infectivity and disease model-
ling, is also involved in modulating neurogenesis. PrPC is expressed in
adult neural precursors of mouse and positively modulates adult
neurogenesis [238]. Overall, the substantial adult neurogenesis in
zebraﬁsh may be of great beneﬁt to understanding the role for
proteins like APP and PrP in neurogenesis in healthy brains.
Degeneration models based on overexpression of disease-associated
molecules may be especially prone to adult neural regeneration
confounding data interpretations of described above. This will be
especially true when the products that recapitulate disease pheno-
types also inadvertently affect a proliferative response.
We have brieﬂy outlined potential confounds regarding interpreta-
tion and experimental design that are worth considering as zebraﬁsh
models of neurodegeneration become available. Nevertheless, in
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the differences across taxa that permit the adult brain to host
proliferation leading to replacement of new neurons. For example,
adult neurogenesis can be viewed as a therapeutic target for Alzheimer
Disease treatments [239]. It is also noteworthy that stem cell therapy of
degenerative diseases would need to be able to navigate these same
obstacles as well as be able to deﬁne mechanisms to limit proliferation
from becoming detrimental [146,240]. Thus it will be of great beneﬁt to
deﬁne mechanisms to limit growth signals from inducing death and to
limit proliferation from becoming detrimental itself through hyperpro-
liferation and cancer. Finally, in the same fashion as the retina, optic
nerve and spinal cord efforts reviewed above, regeneration from
intrinsic stem cells in the brain centres of zebraﬁsh will offer
opportunity to understand cellular and molecular events requisite to
replacing neurons lost during disease progression.
5. Conclusion: zebraﬁsh is a potent model of vertebrate
CNS regeneration
We have reviewed the intrinsic and impressive ability of zebraﬁsh
to regenerate CNS cells and tissues. Combined with a substantial
repertoire of genetic tools and robust assays for functional integration
of regenerated cells, zebraﬁsh are uniquely positioned to allow design
of sophisticated experiments to test hypotheses of CNS regeneration.
These approaches can be complemented by high-throughput in vivo
screens to explore for genetic and pharmacological modiﬁers of
regeneration. Transgenic techniques and availability of these ﬁsh from
stock centres are allowing reﬁned cell ablation techniques that will
herald cell-speciﬁc investigations of regeneration at both the
molecular and functional levels. Finally, we note that several
amenable paradigms are available to assess function of the regener-
ated CNS tissue, which ought be utilized to assess the integration of
neurons into regenerated CNS circuits.
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